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Trichomonas vaginalis is an extracellular protozoan parasite that binds to the epithelium of the human urogenital tract during
infection. In this study, we examined the propensities of 26 T. vaginalis strains to bind to and lyse prostate (BPH-1) and ectocer-
vical (Ect1) epithelium and to lyse red blood cells (RBCs). We found that only three of the strains had a statistically significant
preference for either BPH-1 (MSA1103) or Ect1 (LA1 and MSA1123). Overall, we observed that levels of adherence are highly
variable among strains, with a 12-fold range of adherence on Ect1 cells and a 45-fold range on BPH-1 cells. Cytolysis levels dis-
played even greater variability, from no detectable cytolysis to 80% or 90% cytolysis of Ect1 and BPH-1, respectively. Levels of
adherence and cytolysis correlate for weakly adherent/cytolytic strains, and a threshold of attachment was found to be necessary
to trigger cytolysis; however, this threshold can be reached without inducing cytolysis. Furthermore, cytolysis was completely
blocked when we prevented attachment of the parasites to host cells while allowing soluble factors complete access. We demon-
strate that hemolysis was a rare trait, with only 4 of the 26 strains capable of lysing >20% RBCs with a 1:30 parasite/RBC ratio.
Hemolysis also did not correlate with adherence to or cytolysis of either male (BPH-1)- or female (Ect1)-derived epithelial cell
lines. Our results reveal that despite a broad range of pathogenic properties among different T. vaginalis strains, all strains show
strict contact-dependent cytolysis.

The exclusively human-infective flagellated parasitic protist
Trichomonas vaginalis is the cause of the most common non-

viral sexually transmitted disease, trichomoniasis. In women, the
parasite resides in the vagina and colonizes the cervix; in men, it
can be found in the urogenital tract and the prostate. In 2008 alone
there were an estimated 276.4 million new cases in adults between
19 and 49 years of age, with a 10-fold-higher prevalence in females
than in males (1). T. vaginalis in males often goes undetected, and
thus the incidence is difficult to determine. However, it has been
reported that in men with infected female partners, the incidence
can range from 15 to 73% (2, 3, 4, 5). Additionally, men can clear
infections 3 to 12 times faster than women whether the infection is
treated or not (6, 7). The percentage of men who reportedly re-
main asymptomatic upon T. vaginalis infection is highly variable
depending on the population examined and the diagnostic tech-
nique utilized. Regardless, it is thought that a higher proportion of
men than women have asymptomatic infections (4, 8, 9).

T. vaginalis infection can cause symptoms ranging from irrita-
tion and swelling in the urogenital tract to severe complications
such as cervical erosion and premature birth during pregnancy
(10, 11, 12). Trichomoniasis is also associated with infertility in
both men and women (13, 14). Moreover, infections are linked to
cervical cancer (15, 16, 17, 18), benign prostate hyperplasia (19),
advanced prostate cancer (20, 21, 22), and an increased risk of
HIV infection (23, 24, 25, 26, 27). The increased recognition of the
severe risks possible from a T. vaginalis infection along with re-
ports of drug-resistant infections (28, 29, 30) underscores the
need for a more complete understanding of host-pathogen inter-
actions with a focus on differences between male and female in-
fections.

Despite the severe consequences that can arise from trichomo-
niasis, the mechanisms underlying the establishment and propa-
gation of an infection are poorly understood, even less so in the
male than in the female host. T. vaginalis is an extracellular para-
site that does not become internalized by the host cell. Instead, it
adheres to host urogenital epithelium (31). Currently, only three

T. vaginalis surface molecules have been shown to play a role in
attachment of the parasite to host epithelial cells: an abundant
lipoglycan called TvLG (32, 33, 34) and two related hypothetical
proteins (35). Several other candidate proteins are also under in-
vestigation (36, 37). The only host cell receptor described for T.
vaginalis is galectin-1, and it has been shown to bind to TvLG (32).
Studies on galectin-1 indicate the presence of additional, yet-to-
be-defined, host cell receptors.

So far, studies conducted using various mammalian cell lines
aimed at addressing whether the cytolysis of the host cell by T.
vaginalis is contact dependent have been inconclusive (38, 39, 40,
41, 42). Here we have selected 26 individual strains of T. vaginalis
isolated from an array of geographic locations to examine the
adherence to and cytolysis of host cells and to assess whether these
phenotypes are correlative and whether cytolysis is contact depen-
dent. We have used an immortalized ectocervical epithelial cell
line (Ect1) (43) and a benign prostate hyperplasia cell line
(BPH-1) (44) to study parasite interactions with cells derived
from both the female and male urogenital tracts. The ability of T.
vaginalis to lyse human red blood cells (RBCs), a property for
which there are also conflicting data (6, 39, 40, 45), was also ex-
amined.
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MATERIALS AND METHODS
Parasites, cell cultures, and media. T. vaginalis strains (Table 1) were
grown in TYM medium supplemented with 10% horse serum (Sigma), 10
U/ml penicillin (Invitrogen), 10 �g/ml streptomycin (Invitrogen), 180
�M ferrous ammonium sulfate, and 28 �M sulfosalicylic acid (46). Over-
night cultures of parasites were placed on ice for 10 min and then vortexed
for 15 to 30 s before daily passaging at a dilution of 1 � 106 cells into 15 ml
fresh medium. While these experiments were conducted, parasites were
not passaged for more than 2 weeks before new samples were thawed. Of
the 26 strains examined, 3 were passaged long term (years) (T1, G3, and
B7RC2) and 10 were passed for short periods of time (weeks) in culture
(the 8 MSA strains, 2 LSU strains, the 2 SD strains, B268, and LA-1) before
we obtained, expanded, and froze samples. The passage history of the
remaining strains is unavailable. The loss of cytolytic properties of strains
cultured long term in the laboratory may be a result of adaptation to
culture. The human ectocervical cell line Ect1 E6/E7 (CRL 2614) was
grown in keratinocyte-SFM (KSFM) (Invitrogen) as described previously
(43). Ect1 cells were shown to have a similar cytokeratin profile and to be
morphologically similar to the tissue of origin. They differ significantly
from HeLa cells, an adenocarcinoma cervical cell line and the cell line
most commonly used for study of lower genital tract cells. The human
benign prostate hyperplasia (BPH-1) cells were cultured in RPMI–10
U/ml penicillin–10 �g/ml streptomycin with 10% fetal calf serum (all
from Invitrogen) as previously described (44). BPH-1 cells were derived
from transurethral resection and immortalized with simian virus 40
(SV40) large T antigen. Their cytokeratin profile was similar to that of the
primary prostate epithelial cells from which they are derived.

Adherence assay. A modified version of a T. vaginalis cell binding
assay was carried out (34). Briefly, Ect1 or BPH-1 cells were seeded on
12-mm coverslips in 24-well plates in appropriate culture medium and
grown to confluence at 37°C and 5% CO2. T. vaginalis parasites were

labeled with 10 �M Cell Tracker Blue CMAC (C2110; Invitrogen), and
5 � 104 labeled parasites in 0.5 ml of complete KSFM or RMPI were added
to confluent Ect1 or BPH-1 cells. Cells were incubated together at 37°C
and 5% CO2 for 30 min. Coverslips were subsequently washed in phos-
phate-buffered saline (PBS), fixed with 4% formaldehyde, and mounted
on slides using Mowiol polyvinyl alcohol medium to prevent fading (Cal-
biochem). Fifteen fields were recorded per coverslip (at a magnification
of �10), and each experiment was carried out in triplicate for a total of 135
fields per strain. Fluorescent parasites that adhered to host cells were
quantified using ImageJ software version 1.44p. Data are expressed as the
percentage of parasites that adhere to host cells relative to the total num-
ber of parasites added per coverslip. Final mean values and standard de-
viations for each parasite/cell line combination are listed in Table S1 in the
supplemental material.

Cytolysis assay. T. vaginalis cytotoxicity assays were performed as
previously described (34). Briefly, Ect1 or BPH-1 cells were seeded in
96-well plates in culture medium and grown to confluence at 37°C and 5%
CO2, and then 5 � 104 log-phase parasites in 100 �l of culture medium
were added to confluent Ect1 or BPH-1 cells. Parasites and human cells
were incubated together at 37°C and 5% CO2 for 4 h. Ect1 and BPH-1 cell
lysis was measured by determining lactate dehydrogenase (LDH) release
using the CytoTox-One homogeneous membrane integrity assay per the
manufacturer’s instructions (Promega). Data were read on a Victor3 1420
plate reader (Perkin-Elmer). Data were normalized to background (LDH
release from unexposed Ect1 or BPH-1 cells) and then expressed as a
percentage of total lysis (LDH release after 0.18% Triton X-100 treat-
ment). All experiments were repeated at least three times with triplicate
samples. Final mean values and standard deviations are listed in Table S1
in the supplemental material.

Contact-dependent cytolysis. To test for noncontact cytolysis of the
epithelial cells by parasites, the Millicell-96 plate with a 0.4-�m porous
membrane (PSHT004S5; Millipore) was used. This system consists of a
96-well culture plate (apical assist plate) that has a 0.4-�m porous mem-
brane bottom and a 96-well receiver plate. Wells from both plates fit into
each other and are separated by the membrane. The epithelial cells are
seeded in the receiver plate, and the parasites are put in the culture plate.
Ect1 or BPH-1 cells seeded in the 96-well receiver plate were grown to
confluence. Parasites (5 � 104 in 75 �l of culture medium) were added to
the apical assist plate. Observation by light microscopy confirmed that T.
vaginalis cells (10 to 15 �m in diameter) did not transverse the membrane
(data not shown). Plates were incubated at 37°C and 5% CO2 for 4 h. Ect1
and BPH-1 cell lysis was measured by determining LDH release as de-
scribed above for the cytolysis assay. Strain MSA1132 was used as an
internal control by placing the same number of parasites underneath the
membrane in direct contact with the monolayer [MSA1132(*)]. All ex-
periments were repeated at least three times in triplicate. Final mean val-
ues and standard deviations are listed in Table S1 in the supplemental
material.

RBC lysis (hemolysis). Overnight cultures of log-phase parasites were
placed on ice for 10 min and vortexed for 15 to 30 s before being counted
on a hemocytometer. A total of 3 � 106 cells per sample, at a concentra-
tion of 2 � 106 cells/ml, were centrifuged for 10 min at 2,000 � g and
washed once in 15 mM maltose–PBS, pH 7.0 (M-PBS). Red blood cells
(RBCs) were obtained from 4 donors provided by the Center for AIDS
Research Core Virology laboratory at UCLA. The Research Core works
with anonymous donors, and the blood group is not revealed. RBCs were
separated from whole blood by washing 2 ml of freshly drawn blood in
M-PBS and centrifuging for 5 min at 1,000 � g. Hemolysis was performed
by combining 3 � 106 T. vaginalis cells with 9 � 107 RBCs (1:30 ratio) in
1.5 ml and incubating at 37°C with constant rotation for 1 h. Data were
normalized to background (RBCs unexposed to parasites), and the values
were calculated as the percentage of total lysis (RBCs treated with 0.1%
Triton X-100). All experiments were repeated at least three times in trip-
licate. Absorbance was read using the Gen5 software on a Biotek Synergy2
plate reader at 404, 414, 540, 546, and 575 nm. The data for 404 nm are

TABLE 1 Strain identification and year and location of isolation

Strain ATCC no. Location Yr
Reference or
source

B7268 Brisbane, Australia 1992 69
B7RC2 50167 Greenville, NC, USA 1986 70
CDC337 50144 Columbus, OH, USA 1983 71
CDC570 Columbus, OH, USA 1983 —a

G3 PRA98 Beckenham, UK 1973 72
HsD:NIH 50183 Maryland, USA 1964 L. S. Diamond,

depositor
LA1 Los Angeles, CA, USA 2009 73
LSU160 New Orleans, LA, USA 2008 —
LSU2048 New Orleans, LA, USA 2008 —
MSA881 Toronto, Canada 2000 —
MSA1042 Augusta, GA, USA 2005 —
MSA1043 New Orleans, LA, USA 2005 —
MSA1103 St. Paul, MN, USA 2004 —
MSA1106 Columbus, OH, USA 2004 —
MSA1123 Richmond, VA, USA 2008 —
MSA1124 Rock Hill, SC, USA 2008 —
MSA1132 Mt. Dora, FL, USA 2008 —
NYH209 50146 New York, NY, USA 1977 74
NYH272 50147 New York, NY, USA 1977 74
NYH286 50148 New York, NY, USA 1977 74
RU382 50141 Connecticut, USA 1983 75
RU384 50140 Massachusetts, USA 1983 75
RU393 50142 New York, USA 1983 75
SD7 San Diego, CA, USA 1999 35
SD10 San Diego, CA, USA 1999 35
T1 Taiwan 1993 76
a —, available through the Centers for Disease Control and Prevention, Atlanta, GA.
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presented. Final mean values and standard deviations for individual par-
asite strains are listed in Table S1 in the supplemental material.

Fluorescence of parasite and host cells using a modified contact-
dependent cytolysis assay. Immunofluorescence experiments were per-
formed on either Ect1 or BPH-1 cells plated and grown to confluence on
coverslips in a 24-well plate. To label the monolayers, cells were incubated
with 10 �M Cell Tracker Red CMTPX (C34552; Invitrogen) for 30 min in
growth medium. Cells were washed three times with PBS, and fresh me-
dium was added and left for 30 min. In parallel, 2 � 106 parasites from
log-phase cultures were incubated with 10 �M Cell Tracker Blue CMAC
for 30 min in TYM without serum. The parasites were allowed to recover
in TYM complete growth medium for 30 min, after which they were
transferred to the epithelial cell medium, counted on a hemocytometer,
and adjusted to 1 � 106 cells/ml. Parasites (5 � 105 in 500 �l) were added
to each sample, either directly on the monolayer or separated by a 0.4-�m
porous membrane (catalog number 140620; Nunc), and left for 4 h as
described above for the 96-well plate assay. The coverslips were then
transferred into 4% formaldehyde for 15 min, washed twice in PBS and
once in distilled water (dH2O), and mounted in Mowiol (Calbiochem).
Fluorescent images were captured using a Zeiss Axio Imager.Z1 micro-
scope with a 40� objective. All images were captured and analyzed using
Axio Vision software.

Statistical analysis of adherence, cytolysis, and hemolysis correla-
tions. To estimate the degree of cross-correlation, we used a Pearson rank
correlation coefficient, r:

r �
��x � x���y � y��

���x � x��2 ��y � y��2

The Pearson rank order correlation coefficient was applied to measure the
correlation between attachment and cytolysis as well as that between cy-
tolysis and hemolysis. The significance was calculated for a two-tailed
distribution (47). The strains were ranked independently by adherence,
cytolysis, and hemolysis (see Table S2 in the supplemental material).

RESULTS
T. vaginalis exhibits wide variability in attachment to ectocer-
vical and prostate epithelial cells. For extracellular pathogens
such as T. vaginalis, the ability of a parasite to adhere to its host is
likely a determinant of pathogenesis. To examine the capacities of
different T. vaginalis strains to adhere to host cells as well as to
compare differences in attachment of T. vaginalis to epithelial cells
derived from female and male urogenital tracts, we studied the
attachment of 26 T. vaginalis strains to monolayers of ectocervical
cells (Ect1) and benign prostate hyperplasia cells (BPH-1). The
same number of parasites (5 � 104) was used for each strain, and
the percentage of parasites attached to the human cell lines was
determined after incubation at 37°C for 30 min and washing to
remove unattached parasites. Attachment to Ect1 cells was highly
strain dependent, with a 12-fold difference between the most
weakly attaching strain, T1 (4% attached parasites), and the most
strongly attaching strain, MSA1132 (50% attached parasites) (Fig.
1A and Fig. 2A, white bars). Of the 26 strains, 13 attached at low
levels (�15% attachment), while the other 13 strains attached at
higher levels (�15%) (Fig. 2A, white bars). While the strains
showed a much broader range in attachment to BPH-1 cells than
to Ect1 cells, with a 45-fold difference between the attachment of
strains T1 (1.2% attached parasites) and SD7 (54% attached par-
asites) (Fig. 2A, gray bars), the range was comparable overall.
Moreover, similar to the attachment to Ect1 cells, out of the 26
strains tested, 17 attached at low levels (�15%) and 9 attached at
higher levels (�15%) to BPH-1 cells (Fig. 2A, gray bars). Only two
strains showed preferential attachment to one cell type over the

other; strain LA1 bound 3-fold more to Ect1 than to BPH-1 (P �
1 � 10�5), and MSA1103 bound 3-fold more to BPH-1 cells (P �
1 � 10�5).

Cytolysis of human epithelial cells by T. vaginalis. We next
measured T. vaginalis-mediated cytolysis of Ect1 and BPH-1 cells.
Each of the 26 strains was added to monolayers of Ect1 or BPH-1
cells, and cytolysis was measured by LDH release (Fig. 2B). For 8 of
the strains assayed on Ect1 (Fig. 2B, white bars), the LDH levels
detected were below background levels (i.e., incubation of host
cells under the same conditions but without the addition of para-
sites). This most likely results from very low or absent cytolysis,
combined with the ability of T. vaginalis to scavenge and ingest
proteins and other metabolites from the surrounding medium
(48, 49, 50, 51), resulting in a lower LDH readout. A similar phe-
nomenon of LDH values below background was observed in sev-
eral previous studies (52, 53).

As seen for attachment, cytolysis was strain dependent, with
values ranging from 1.5 to 78% of Ect1 cells and 1 to 96% of
BPH-1 cells being lysed. In both target cell lines, 14 parasite strains
caused low cytolysis (�20%) and 12 strains resulted in �20% lysis
of Ect1 and BPH-1 cells (Fig. 1B and C). Overall, 10 out of 13 and
13 out of 17 of the weakly attaching strains exhibited low levels of
cytolysis in Ect1 and BPH-1, respectively (compare Fig. 2A and B).
Only two strains showed statistically significant preferential cytol-
ysis of Ect1 cells over BPH-1 cells. MSA1123 lysed 3.6-fold more
Ect1 than BPH-1 cells (P � 1 � 10�12), and LA1 lysed 4-fold more
Ect1 cells (P � 1 � 10�10). In contrast, highly attaching strains did
not necessarily lyse either cell type at a high level.

Relationship between adhesion and cytolysis of T. vaginalis.
To verify the observed correlations between adhesion and cytoly-
sis, we subjected the data to statistical analysis. We converted ab-
solute values of adhesion and cytolysis to ranks to avoid excessive
skewing by outliers (54). The strains were ranked in terms of cy-
totoxicity or adhesion from 1 to 26, and the Pearson correlation
coefficient was calculated (Fig. 3A and B, top plots). We observed
that attachment of T. vaginalis to Ect1 and BPH-1 correlates sig-
nificantly with cytolysis (P � 0.001). Interestingly, when we divide
the strains into low- and high-attaching groups for both cell lines,
a different pattern emerges. Only the low-attaching strains show a
very strong, significant correlation between attachment and cytol-
ysis (Fig. 3A and B, middle plots). The high-attaching strains show
a nonsignificant correlation (P � 0.1 for Ect1 cells and P � 0.5 for
BPH-1 cells) (Fig. 3A and B, bottom plots). These data indicate
that for cytolysis to be triggered, there needs to be a threshold level
of attachment, but once that is achieved, the extent of cytolysis is
not determined by the attachment.

Cytolysis of Ect1 and BPH-1 cells by T. vaginalis is strictly
contact dependent. To establish whether the observed correlation
between attachment and cytolysis in T. vaginalis is the result of the
dependence of cytolysis on attachment, we exposed Ect1 and
BPH-1 monolayers to the parasites using a 0.4-�m porous mem-
brane to prevent direct contact of the parasites with the monolay-
ers. This system allows for secreted factors and small vesicles to
pass between the two cell types but keeps the parasites (�10 to 15
�m in diameter) from contacting the monolayers. After incuba-
tion of the parasites and epithelial cells, cytolysis was measured by
LDH release. None of the 26 strains, when separated by the mem-
brane barrier from the monolayers, caused detectable cytolysis
above background (Fig. 4). The inability of parasites to pass through
the membrane was confirmed by fluorescent and light microscopy
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(Fig. 1B and C, panels A to H), and the monolayers were intact with
no visible damage. These results indicate that T. vaginalis strictly uses
a contact-dependent mechanism for cytolysis.

Hemolytic properties of T. vaginalis strains. Previous work

has shown that T. vaginalis is capable of lysing red blood cells
(RBCs) (55, 56). To determine if RBC lysis is widespread among T.
vaginalis strains, we examined whether there is a correlation be-
tween the abilities to lyse epithelial cells and RBCs. The 26 strains

FIG 1 Visualization of T. vaginalis adherence to and cytolysis of human ectocervical (Ect1) or benign hyperplasia prostate (BHP-1) cell monolayers. (A)
Representative adherence fields of T. vaginalis strain T1 (panels A and C) or MSA1132 (panels B and D) parasites labeled with Cell Tracker Blue to monolayers
of Ect1 (panels A and B) and BPH-1 (panels C and D) cells. Images were captured with a 10� objective. (B) Cell Tracker Blue-labeled MSA1132 (panels A, B, E,
and F) or T1 (panels C, D, G, and H) parasites were exposed to Cell Tracker Red-labeled Ect1 monolayers (panels A to H) either directly (panels A to D) or with
a 0.4-�m porous membrane barrier between them (panels E to H) for 4 h. (C) Cell Tracker Blue-labeled MSA1132 (panels A, B, E, and F) or T1 (panels C, D, G,
and H) parasites were exposed to Cell Tracker Red-labeled BPH-1 (panels A to H) monolayers either directly (panels A to D) or with a 0.4-�m porous membrane
barrier between them (panels E to H) for 4 h. All fluorescent images are of the red (epithelial cells) and blue (parasites) images merged; all the phase panels are
the same field as the fluorescent image to the left. All images were taken with a 40� objective.
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of T. vaginalis were exposed to RBCs at a T. vaginalis/RBC ratio of
1:30 for 1 h at 37°C. Contrary to what was observed for cytolysis of
epithelial cells, the strains showed a narrower range of hemolysis,
0 to 40% (Fig. 5). Most of the strains (22 strains) lysed fewer than
20% (low), and the remaining 4 lysed 20 to 40% (high), of the
RBCs. None of the strains were capable of lysing more than 40% of
the RBCs. Analysis of all strains revealed no significant correlation
between lyses of epithelial cells and RBCs (Fig. 6A and B). While
lyses of RBCs and epithelial cells did not correlate, the cytolysis
between ectocervical and prostate epithelial cells showed a strong
correlation (P � 1 � 10�11) (Fig. 6C) as did the attachment be-
tween the two cell lines (Fig. 6C inset). These data suggest that
hemolysis proceeds through mechanisms that differ from those
that drive cytolysis. They also suggest that hemolysis does not play
an important, generalized role in T. vaginalis nutrient acquisition,
as it does not appear to be a widespread property.

DISCUSSION

As an extracellular parasite, T. vaginalis binds to human host ep-
ithelial cells to establish and maintain an infection. The differences
in binding abilities of T. vaginalis strains are therefore likely to play
an important role in determining the outcome of an infection.
Variations in the pathogenesis of T. vaginalis strains are well es-
tablished (35, 56, 57, 58, 59, 60, 61).

To our knowledge, prior to this study, the adherence to and
cytolysis of cells originating from the male urogenital tract by T.
vaginalis had not been examined, notwithstanding that as early as
1936, Drummond reported that T. vaginalis can infect the prostate
(62). Recent reports link trichomoniasis to prostate cancer (20, 21,
55, 63), benign hyperplastic prostatic tissue (19), and, at a high
prevalence, male nongonococcal urethritis (NGU) (3).

We have compared the attachment and cytolytic properties of
26 T. vaginalis stains on an ectocervical cell line, Ect1, and a benign
prostate cell line, BPH-1. A high degree of variability in attach-
ment to and cytolysis of both cell lines was observed, with no
general trend associating higher levels of attachment or cytolysis
for either cell line. However, adherence to and cytolysis of both
prostate and ectocervical cells by T. vaginalis strains were found to
be highly correlated. Interestingly, adherence correlated with cy-
tolysis in weakly adhering strains but not in highly adhering
strains. This indicates that while attachment is necessary for T.
vaginalis cytolysis, greater levels of attachment do not necessarily
lead to higher levels of cytolysis. We also demonstrated that cytolysis
is contact dependent for all 26 strains. Finally, we found that cytolysis
of epithelial cells did not correlate with lysis of red blood cells.

FIG 2 Adherence to and cytolysis of human Ect-1 or BPH-1 cell monolayers
by T. vaginalis. (A) Adherence of different strains of T. vaginalis to either Ect1
(white bars) or BPH-1 (gray bars) cells. Data are from three experiments
performed in triplicate and show the average percentage of parasites at-
tached per coverslip with standard deviation. Data are arranged in order of
ability to attach to Ect1, and this order is maintained throughout the re-
port. (B) Cytolysis of Ect1 (white bars) and BPH-1 (gray bars) cells by
different T. vaginalis strains. Parasites were exposed to monolayers of the
epithelial cells, and cytolysis was measured by determining LDH release.
Data are from three experiments performed in triplicate, showing the av-
erage percentage of lysis with standard deviation. Lysis with Triton X-100
(�C) was used as a positive control for complete monolayer lysis, and the
data set was fit from 0 to 100%.

FIG 3 Correlation of attachment and cytolysis. The T. vaginalis strains were
ordered according to increasing attachment and independently for increasing
cytolysis, and ranked values were plotted for Ect-1 (A) and BHP-1 (B). The top
scatter plot shows all strains assayed. Strains with low and high adherence were
independently examined in the middle and bottom scatter plots, respectively.
Lines are the best-fit trendlines. The Pearson coefficient (r) and the signifi-
cance value (p) are on the upper left of each plot.
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As T. vaginalis is not internalized by the host cell and remains
attached to its surface, the variation in attachment of different
strains observed might be predicted to play a role in the variable
documented infection outcomes (9, 20, 64). Overall, the strains do
not exhibit a preference for binding to ectocervical cells over pros-
tate cells. This suggests that attachment to the urogenital tract of
men is not the limiting factor in the decreased pathogenesis ob-
served in the male host. However, as the single epithelial cell
monolayers used in our assays are far simpler than the complex
milieu of cells in the urogenital tract, these data may not fully
represent the adherence and cytolysis levels that occur in situ dur-
ing an infection. Moreover, variations in adherence and cytolysis
among strains indicate that different biological mechanisms may
be employed by different T. vaginalis strains for interacting with
different host epithelial cells. Alternatively, common mechanisms
may be used and the proteins or surface molecules mediating these

interactions would vary greatly, either in abundance or type, be-
tween strains.

The observation that adherence and cytolysis correlate for
weakly adhering strains led us to examine whether cytolysis is
contact dependent by placing a 0.4-�m filter between parasites
and host cells. This prevented contact while allowing secreted pro-
teins and vesicles to diffuse freely. We found no cytolysis when
parasite attachment to host cells was blocked. Previous analyses
aimed at determining whether T. vaginalis cytolysis is contact de-
pendent have yielded mixed results (39, 40, 41, 42). Unlike the
simple physical barrier used here, these studies used a variety of
methods to prepare “cell-free filtrates” without controls to elimi-
nate contamination with T. vaginalis plasma membrane debris.
Our finding that 26/26 T. vaginalis strains required contact with
host cells to induce cytolysis strongly argues this is a general prop-
erty of this parasite.

T. vaginalis hemolytic activity has been widely reported (11, 56,

FIG 4 Contact-dependent cytolysis of Ect1 and BPH-1 cells by T. vaginalis,
showing cytolysis of Ect1 and BPH-1 cells by T. vaginalis strains when contact
was prevented by a 0.4-�m membrane. Parasites were exposed to monolayers
of Ect1 (white bars) and BPH-1 (gray bars) cells with contact prevented by a
0.4-�m membrane. Cytolysis was measured by determining LDH release, and
LDH background levels in the absence of parasites is shown (Bkgd). Data are
from three experiments performed in triplicate, showing the average percent-
age of lysis with standard deviation. Complete lysis of the monolayer was
achieved with Triton X-100 (�C), and the data set was fit from 0 to 100%. The
control for direct monolayer lysis by T. vaginalis is shown as MSA1132(*), in
which MSA1132 strain was placed under the membrane.

FIG 5 Hemolysis by T. vaginalis strains. Hemolysis was carried out for 1 h with
a parasite/RBC ratio of 1:30 with constant rotation. Hemolysis was measured
by hemoglobin release by absorbance at 404 nm. Data are from three experi-
ments performed at least in triplicate, showing the average percentage of lysis
with standard deviation. Complete RBC lysis was with Triton X-100, and the
data set was fit from 0 to 100%.

FIG 6 Correlation of hemolysis and cytolysis. The T. vaginalis strains were
independently ordered according to increasing cytolysis and hemolysis (see
Table S2 in the supplemental material). Ranked values were plotted for Ect-1
and hemolysis (A), BPH-1 and hemolysis (B), and Ect1 and BPH-1 cytolysis
(C). The inset in panel C shows the correlation of Ect1 and BPH-1 attachment
data. Lines are the best-fit trendlines. The Pearson coefficient (r) and the sig-
nificance value (p) are in the upper left of each plot.
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65); however, there are conflicting data on whether hemolysis cor-
relates with virulence (45) or cytopathology (56). The levels of
hemolysis reported also vary, which may be in part due to differ-
ences in methods and conditions used for measuring hemolysis.
Analyses of the 26 strains studied here revealed that only 4 are
capable of lysing �20% of RBCs and that the majority of strains
(15) lyse fewer than 10% in assays using a 1:30 parasite/RBC ratio.
Notably, 2 of the 3 more hemolytic strains exhibit low levels of
adherence to and cytolysis of epithelial cells. Thus, no correlation
between T. vaginalis adherence to and cytolysis of epithelial cells
and its hemolytic activity was observed. This is in agreement with
the observations of Krieger et al. (41) that the ability of T. vaginalis
strains to cause hemolysis correlates poorly with virulence. Find-
ing that so few strains are capable of lysing RBCs raises the ques-
tion of whether T. vaginalis hemolysis is important in vivo. T.
vaginalis allegedly lyses RBCs to gain nutrients and iron present
during menses (40, 63). However, the nutrient-rich components
of the menstrual flow are endometrial tissue, squamous epithe-
lium debris, white blood cells, and carbohydrate-rich mucus, not
RBCs (66, 67). Furthermore, menses happens only once a month
and does not occur at all in postmenopausal women, who have a
higher prevalence of T. vaginalis infection than younger women
(68). Our results suggest that while some strains of T. vaginalis can
lyse RBCs, this is not a common attribute.

In summary, we show that T. vaginalis cytolysis of human ep-
ithelial cells is contact dependent. We found that to initiate cytol-
ysis, attachment must reach a threshold, but higher levels of at-
tachment do not necessarily induce greater cytolysis. We conclude
that while the trigger for cytolysis is attachment, cytolysis mecha-
nisms are independent of attachment. Adherence is likely to serve
as a trigger for activation and/or secretion of additional critical
factors immediately upon contact. It will be of interest to deter-
mine whether differences in expressed proteins and/or surface
lipoglycans correlate with levels of adherence and cytolysis. Simi-
larly, identifying differences between the three strains that dis-
played gender preference in adherence and cytolysis may be a first
step toward dissecting the causes of gender-specific outcomes of
infection.
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